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grounds that it requires a disrotatory-disrotatory opening
of the bicyclobutane moiety. However, as we will see pres-
ently, the extra double bond does not play a purely passive
role.

We have shown’ that MINDO/36 gives a good account
of the course of a variety of pericyclic reactions, both “al-
lowed” and “forbidden”, the calculated activation energies
usually agreeing with experiment to within +5 kcal/mol.
We have therefore used it to study the conversion of 1 to 2.

The reaction was followed by taking the length (r{ in 1)
of one of the breaking bonds as a reaction coordinate, the
energy being minimized with respect to all other goemetri-
cal variables for successive increments in ry. It soon became
apparent that the reaction involves a very unsymmetrical
transition state, like that in the corresponding conversion of
bicyclobutane (3) to 1,3-butadiene (4).% In treating such bi-
radicaloid® species by MINDQO, it is necessary to include
configuration interaction (CI) with the lowest doubly excit-
ed configuration.'9 The calculations were therefore carried
out including such CI. Figure 1 shows the geometry calcu-
lated for 1 and for the transition state for conversion to 2; it
will be seen that one of the breaking bonds remains almost
intact in the transition state (r> = 1.60 A; see 1) while the
other is greatly weakened (r; = 2.10 A).

The reaction is predicted to be extremely exothermic
(AH, —85 kcal/mol) and the calculated activation energy is
low (21.5 kcal/mol). These results certainly account well
for the tendency of 1 to detonate.!! The reaction showed
none of the characteristics* of “forbidden” reactions, the
calculated energy being a smooth function of the reaction
coordinate r, throughout and no HOMO-LUMO crossing
taking place.> We therefore conclude that the conversion of
1 to 2 is an “allowed” process in spite of the fact that the
analogous disrotatory-disrotatory conversion of 3 to 4 is
“forbidden”. We had indeed been unable to establish that 1
is a lumomer* of 2 although it is easily seen” that this is the
case for the other benzene isomers, prismane (5) and Dewar
benzene (6).

The fact that 1 — 2'is ““allowed” whereas 3 — 4 (disrota-
tory-disrotatory) is “forbidden” cannot be explained in
terms of orbital correlations between reactants and prod-
ucts because the molecules do not possess enough symme-
try. It can, however, be easily interpreted in terms of Evans’
principle.? The transition state for disrotatory-disrotatory 3
— 4 is isoconjugate® with Hiickel bicyclobutadiene and so
unconditionally antiaromatic. The transition state for 1 —
2 on the other hand is isoconjugate with a hydrocarbon that
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Figure 1. Calculated geometry for (a) benzvalene (1) and (b) the tran-
sition state for the conversion of benzvalene (1) to benzene (2).

can be written either as benzene with two meta bridges (7)
or as cyclobutadiene with two meta bridges (8). The situa-
tion is analogous to that in the disrotatory conversion of bi-
cyclo[4.2.0]octatriene (9) to cyclooctatetraene (10) where
the transition state is isoconjugate with Hiickel benzocyclo-
butadiene (11). Now the aromaticity or antiaromaticity of
a ring is reduced by bond alternation,'2 so in cases such as
this an appropriate alternation in the lengths of the bonds in
the antiaromatic moiety will make the system on balance
aromatic. Thus the lengths of the bonds in the four-mem-
bered ring of 11 undoubtedly alternate strongly whereas
those in the benzene ring are presumably similar in length.
In an analogously mixed transition state, similar distortions
should likewise favor the contributions of the aromatic moi-
ety. Reactions such as 1 — 2 or 9 — 10 should therefore be
“allowed” and MINDQ/3 calculations indicate that neither
involves a HOMO-LUMO crossing.!?
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MINDO/3 Study of Cyclobutadiene
Sir:

While the century-old problem concerning the aromati-
city of cyclobutadiene (1) was solved 10 years ago by Pettit

et al.! who synthesized 1 and showed it to be antiaromatic
as had been predicted by simple MO theory,? a second re-
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lated problem remains. Simple MO theory also predicts 1 to
have a very low lying triplet state (2); is this in fact more
stable than the singlet structure (3)?

Numerous theoretical studies by ab initio SCF? and sem-
iempirical SCF# procedures have mostly agreed in predict-
ing the ground state of 1 to be a rectangular singlet, a con-
clusion strongly supported by the stereospecific addition of
1 to dienophiles’ and by the behavior of the vicinal diphenyl
derivative of 1 which appears to exist as two valence tau-
tomers, 4 and 5, separated by quite a high activation bar-
rier.® On the other hand 1 has recently been obtained3e’:8
in inert gas matrices at low temperatures by photolysis of
photo-a-pyrone (6), and its infrared spectrum and that of a
pyrone (6), and its infrared spectrum and that of a dideu-
terio derivative indicate strongly that the species so ob-
tained has Dss symmetry. If so, current theory®* would
seem to require this to be the triplet 2.

[ ) [
Ph—=
1 2 3 4 5 6

We recently reported® a detailed study of the (CH)4 sys-
tem using an improved version (MINDO/3!%) of the
MINDO semiempirical SCF MO method!' and this inves-
tigation has now been extended to the corresponding triplet
states. Since the resuits for 2 suggest a novel and interesting
resolution of the apparent conflict concerning the multiplic-
ity of 1, we are reporting them at this stage.

The calculations were carried out by the “half-electron”
method!?, the geometries being found by minimizing the
energy with respect to all geometrical variables using a
modified gradient method.!?-'* The heats of formation
{AH{, keal/mol) and geometries of 2 and 3 were as follows:
singlet (3 rectangular), AHy, 94.4, CC bond lengths 1.533,
1.342 A; triplet (2; square), AHy, 100.3, CC bond lengths
1.433 A. Thus MINDO/3 agrees with the earlier calcula-
tions>* in predicting 1 to have a singlet ground state. The
present value for the heat of formation, together with that
from the earlier = approximation,* leads to an estimated
strain energy in 3 of 49.9 kcal/mol.

A square singlet structure for 1 is predicted to lie well
above the square triplet (by 13.1 kcal/mol). The intersec-
tion of the singlet and triplet surfaces therefore lies above 2
in energy. Since spin-orbit coupling must be unimportant in
1, the singlet and triplet wave functions cannot mix to any
great extent in the vicinity of the intersection. Conversion of
2 to 3 should therefore require activation, the transition
state corresponding to the lowest point along the intersec-
tion of the singlet and triplet surfaces.

We have developed a program for locating and following
such singlet-triplet intersections. In this way the transition
state for conversion of 2 to 3 was located and found to lie
2.3 kcal/mol above 2. A study of the skeletal vibrations of
triplet 1 showed moreover that the conversion involves only
one of the normal modes for which we calculate v = 1210
cm™!, Av = 3.5 kcal/mol.!5 Conversion of 2 to 3 should
therefore require at least 3.5 kcal/mol of activation.!

The conversion of 2 to 3 could therefore be very slow at
the low temperatures used in the matrix isolation experi-
ments,”-® particularly since there is likely to be a serious
mismatch between the vibrational levels of 2 and 3 and a
correspondingly low probability for the intersystem cross-
ing.!” The species obtained by Lin and Krantz,” and by
Chapman et al.,® could then have been the triplet—but ex-
cited triplet, not the ground state. Indeed, this conclusion
seems to be entirely consistent with the photochemical pro-
cedures used by them. Not only may 1 have been formed

from triplet excited 6, in which case it would have been ob-
tained initially as the triplet 2, but also any singlet (3) could
well have been photodecomposed to acetylene which was in
fact a major by-product.!8:19
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